
1

w.NATIQ~AL A?VISORY COMMIT7EE RX? AERONAUT! s~

W“urrmm RIM>(BRT
ORIGINALLY ISSUED

November 1943 as
Advance Restricted Report 33-7

THEORETICAL JUWIXSIS OF ‘THELATERAL STABIIZTY

OF A GLIDER TOWED BY TWIN PARAK3Z TOWLINES

By Marvin Pitkln and Marion O. McKlnney, Jr.

Langley Memorial Aeronautical Laboratory
~ey Field, Pa.

NACA
WASHINGTON .

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L - 372

.- ....— ————



. . . . ..— — ...- -. —-...—. ---

: Illllllliummlllllll
31176014004632

NA!l!IOMAL ADVISORY COMMITTEE

ADVANCE RESTRICTED

.,...-! .. ..----.-. . .

_______ ____ .._ ____ _

FOR JU0XOlTAUTI06

REPORT

v

THEORETICAL A~ALYSIS OX’ THE UTERAL STABILITY

Or A GLIDER TOWED BY TWIN PARALLEL !COWLIHES

By Marvin Pltkin and Marion -0. McKlnneY, Jr,

SUMMARY

A theoretical analysis of the lateral stability char-
acterietloO of a glider towed by two parallel towllnes
has been made and correlated with previously reported dy-
namlg flight teste of a glider model In the I?ACA free-
flight tunnel. Caloulatlons were made for a range of ef-
feotive dihedral angles from -6° to 14°, a range of tOw-
llne lengths from one to three glider spans, lift c09ffi-
aientrn of 0.30 and 0.75, and a range of glider lift-drag
ratios from 4.6 to 21.0. The results of the theoretical
analysis Indicated that a glider towed by twin parallel
cables pomseesea sufficient stability for satisfactory
pilotless towed flight.

The stability of the glider was found to be primarllY
dependent upon the dihedral angle of the glider and the
length of the towlinee. Both unstable oscillations and
dlvergencee were found to oocur either at negative or at
large positive effeotlve dihedral angles. A maximum of
stability wag indicated at moderate positive dihedral an-
glee. The stability of the glider was deoreased as the
towline length and lift ooefflcient Inoreaeed. Large
sidewi~e displacements of the glider relative to the tug
reduoed the stability. partloularly when the dihedral an-
gle was large. Agreerne;t between
resulte was very eatiefaotory,

INTRODUCTION

Load-oarrylng gliders may be

theoretical and flight

u’eed to carry troops or
cargo to supplement the oarrying oapao$ty of exleting air-
planes without seriouely decrea~lng the ef’fieieney of the
tug. In order to realize full benefit from suoh an ar-
rangement It is desirable to have Inherent etabillty in
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the glider eymtem. An adeo-uate degree of stability would
eliminate the need for a pilot in the glider or would at -
least relieve the pilot of the necetaeity of giving con-
stant attention to the contro18. Although some success
has been obtained with a single towline glider system,
considerable difficulty ha~ been experienced in obtaining
a sufficient degree of lateral st83ilit~m A somewhat
slmplqr system for s~curing etability appears to be one
involving twin parallel towlines attached near the wing
tips of the glider to re~train the glider from yawing.
A preliminary investigation (reference 1) in the NACA -
free-flight tunnel indicfited that a etahle pilotless towed
glider aygt~n wag poesible with twin parallel towllnee.

In order to obtain an understanding of the operation
of this yawing restraint in providtng latnral mtalillty
and to allow an extension of tke results to other glider
configurations, a theoretical analygin has been made of
the laternl stability of the eystem. Calcu19ticn~ were
made for the 3rlatol tow-target ~lider ‘SkaetH to corre-
late the theory with the te~te of r~ferencs 1.

,.
..

SYMBOLS

w weight of the gilder, pounds

m mass of the glider, elug.s”

b span of the glider, feet

bl dletance along Y. axlp fr~m the center of gravity
.of the glider to tbe towline attachment

. points, feet .. I

s .
wing nrea of the giiil~r, .sai~re feet

X,Y,Z centroidal axefl of glider

a length of the towline~, feet.

a’ length of towlinee in gli~er span lengths (a/b)

kx radius of gyration about the X axie, feet

A’ ,E’ ,C’ space axee parallel to th+ body axes of the tug
“.

intersecting midway between the towline at-
tachment points on the tug
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P

t

L

Y

Cy

angle between towline and At-axis, radians

true airspeed, feet per eecond

angle of eidesllp, radians

eld~witae displacement of glider center of gravit~
along the B’-axie, feet “

sidewise dleplacement in glider span lengthe (y/b)

sideslip velooity, feet per eeoond

angle of hank, radians

dra~ of slider, pounds; ditf”rential o~erator
()

d

G
tawiine tension, pounds

/liftlift coefficient _

[)$sva/

()

drag
drag coefficient —

pva

deneity of air, eluge per cubic faot

time, eeoonde

airplane relative-den8ity factor (m/pSb)

rolling ~oment of glider, foot-pounds

lateral force of glider, pounds

()L
rolling-moment coeffiolent —

~SVab
2 /

()

Y
lateral-force coefficient —

P ~a&
/
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Y
v

Y*

(Yy)~

(Y@)a

‘P

Lv

L*

(Lo)l

(L&3

(qa

(Y~) ,

(Cyp)

rete of chenge of leterel foroe with sidewiee
velocity (ay/avl

rate of change of lateral force with angle of .
Y~V (aY/a*)

r~te of change of lateral force induced by tow-
line tension with glider sldewise displace-
ment (a Vay)l

rate of change of leteral force due to yaw pro-
duced by sideellp and roll with angle of
roll (aT/a*)a

rate of change of rolling moment with rolling
velocity (aL/ap)

rate of change of rolling noment with sideslip
velocity (aL/av)

rate of che.nge of rolling moment with angle of
yaw (aL/a*)

rate of change of rolllng rcoment induceti by tow-
line tension with angle of roll (aL/acol

rate of change of rolling moment due to yaw pro-
duced by sidesllp and roll with angle of
roll (aL/a402

effective rate of change of rolling moment due to
yaw produced by sideslip and roll with angle—

()aiof roll
%*

effective rate cf change of lateral force due to
yaw produced by eidesllp and roll with engle

of roll
( -\

$% )E

rate of change of lateral-force coefficient with
angle ~f sidesli~, per radian (acy/afu

(Cyy,)l rate of change of lateral-force coefficient in-
duced by towline tension with sidewlse dls-

plaoement (acy/a3f? )1
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A,B,C,E,Ii’

E

id

c

P

r

r
eff

effeotlve rate of change of lateral-force eoef-
fl.cient due to angle of yaw produced by
eideqlip and roll with angle of roll

(7b Oy-W*
rate of change of rolling-moment ooefflcient

with angle of sideslip, per radaan (ao.2/af3)

rate of change of rolling-moment ooeffioient

with helix angle
(ac’/a%)

rate of change of rolling-moment ooeffioi.ent
induced by towline tension with angle of

roll (aog/aw,

effective rate of change of rolling-moment co-
efficient due to angle of yaw produced by

()a~sldeellp and roll with angle of roll ma

forward di~t~nce traveled in epan lengths
(

~ t)
b)

root of the stability quartic

coefficients of the etability quartia

Eouth’s dieorimlnant (BOE - Ea - Bar)

imaginary portion of a complex root

real portion of a oomplex root or a real root

period of oscillation, seconds

time reouired for motion to damp to one-half
amplitude, seoonds

geometric dihedral angle, degrees

effective dihedral angle, degrees (-clp/o.012)
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METHODS

The analygin af tha lateral etability of a glider
attached to a towing airplane %y twin parallel towlines
was made by setting up the stability equations, obtaining
the etability &erivativea when neca66ary, and then calou-
latlng the etability boundaries, the period of the OEIcil-
latory (periodic) mode, a~d the damping of the oscillatory
and ths aperiodic coniponente of the glider motion.

Assumptions

In order to facilitate the handling of the theoreti-
cal investigation the following assumptions wera made:

(1) Lev91 tow: The tug and glider were assumed to
be in level flight with tha towlines horizontal.

(2) Straight towlines: The towlines werp assumed
weightless and straight. This assumption IS justified by
the flight data of the irvestigetion reported in reference
1. Thus , no derivatives contaideri~g the weight and curva-
ture were Included.

(3) TWO degrees of lateral freedom: The glider was
considered to be raatrlcted by the towlines to two de-
grees of lateral freedom.

(4) To~point attachments on Y-axis: The glider was
assumed to be attached at two point~ on the Y-axis.

Equations of Motion

Inasmuch as the dyadic towline fiygten restrains the
glider from yawing, only two degrees of lateral freedom
need be considered in setting up the equations of motion
that apply to this problem. The lataral-force and rolllng-
moment equatiGns after a disturbance may consaauently be
written as

–=WO++d~ + towline derivatives
‘dt

~d~ ~+ #L
mkg — + towline derlvativee

dt = ‘ap av

(1)

(2)
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The problem therefore becomee one of evaluating the
towline derivatives. When this step is aooomplished, the

-etability- equations may be set Up and treated mathematt-
oally to obtain definition of glider satiability.

m
F

3 Towline Derivatives

Derivatives due to oable t~n~ion.- Two towline deriv-——
atlves due to oable tension may be obtained from inspeo-
tlon of figure 1, A sldewise displacement of the glider
along the direotlon of it~ Y-axis is opposed by a oompo~
neat Of”oable tension. The derivative expressing the re-
sultant relationship is then .

-qension (or drag)
= ——.

Towline length

-I)=— (3)
a

Similarly, the towline tcnslon resists the effort of the
glider to arasum~ a banked attitude. The derivative de-
fining this relationship is

Tension (or drag) X bla

Towline length

-Dbla

a

The nondimensional form of theee equations Is

(]

-CD
CYYI,l = ~

()

-CD q 8

()
Clo. =~- ~

1“

(4)

(5)

and

(61
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The towline tlerlvatlvea”. .
(c~~)lana(o’~’l are

the only first-order terms contributed by the towlines.
Inasmuoh as conventional stability theory assumes that
only firet-order terms are considered, thege terms were
the only towline derivatives to be. Introduced Into the
equations of motion (1) and (2) in the early phases of
the Investigation. The glider .~tability was then oalau-
lat.ed.

The results of these Initial calculations were some-
what in disagreement with the model flight data of refer-
ence 1 beoauee the calculations did not prediot instabil-
ity at the large dihed-”.1 angles at which unstable oscil-
lations had been encountered In the flight tests. A clue
to the correct solution was obtained f~om a further anal-
ysis of data previously obtained from flights of the model
with large dihedral anglee. ?he model was observed to fly
satisfactorily during the tests of reference 1 provided
that the tunnel air-flow disturbances were small. E’or
large disturbances involving large glider displacements,
however, the model quickly developed an unstable oscllla-
tlono This phenomenon indicated that large displacements
were introducing unstable effects sufficiently large to
Oyercome the inherent stability of the glider system for
small o~cillatlons. It thus appeared likely that some
second-order effect existed whioh was sufficiently large
at large values of glider displacement to induce instabil-
ity.

An analysis was therefore made in an effort to deter-
mine which, If any, of the second-order termR of the
glider syeten oould have an appreciable effect upon glider
stability. This analvslsi Indfcated that the second-order
effeats of the derivatives hitherto diecuased would be of
small magnitude, even for large values of glider dlsplace-
“ment. It ~ae observed, however, that new towline deriva-
tives, seoond-order in form, Prose from glider displace-
ment and were of euffiolent magnitude for large displace-
ments to induce instability. These derivatives resulted
from the geometric characteristics of the parallelogram
form9d by the towllnes and the tVg and glider wing spans.
The derivation of thesa derivatives and the method Of
Introducing them into the glider equations is dlsoussed
In the following section.

Seaond-order derivatives due to glider position.- The

geometric oharacteristios of the parallelogram formed by
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the towlinee and the tug and glider wlng~ are suoh that,
if the glider e,l$eelip?,andbro31b r.elatlve to the tug,
the towlln-ie””-foroe the glider .intioa.$-awed attitude. In
horizontal tow this aotion reeults in poeitlve yaw aaoom-
panylng positive sidewiee dieplaoement. This angle of
yaw Introduces additional ~tability derivatives that are
dependent upon the amount of sidewise dtsplaoement and
bank. If the effeote of yawing velooity, which are be-
lieved to be small, are pegleoted, the-rolling moment L
and ths lateral fwoe g due to the angle o? yaw ind~
ky glider position are found to ba

But

therefore,

Likewise,

Y = f(o,y)Y*

(7)

(8)

The exaet solution for ~ in terme of @ and Y
leads to a highly complex equation. An approximate for-
mula, however, has been obtained by spherical trigonome-
try and ohecked by means of a mechanical device reproduc-
ing the glider tcw system. The eauation for angle of yaw
is

*. @s tan 6 (9)
1.8 - 0.07(a? - 1)

where

It should he observed that the sidewlse ditaplaoement
Y’ oan never exceed the length of the towlines a’.
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The agreement between values of * calculated by
me”ans of this equation and the measured values 18 shown
in figure 2, whioh presents sample values for l-span tow-
li.nes. The agreement is equally good for 2- and 3-upan
towlines. ..

Substitution of equation (9) in equations (7) and (8)
gives the relation~hips,

4%’LJ
L=

[ 1
(10)

/(a’ )a-(y ’)a 1.8- 0.07(a! -1)

and

f$a(yl )Y*
Y=

[

(11)

~(n’)a - (y’)a 1.8- 0.07( at-1) 1
Steps must now be taken to obtain a relationship be-

tween angle of bank @ .and the eidewlse displacement of
the glider y~ because, first, an inf!nite number of so-
lutions for glider stability would otherwige exist and
eecond, ingertion of derivatives as a function of @ and
q~Is in the equations of motion would make these differen-
tial equations nonlinear and hence unsolvable by conven-
tional m~thenatical methods.

Although the exact relation of the angle of bank to
the eidewiee displacement oan be found only by a complete
solution of the equations of motion, a sa%Lsfactcry first
approximation may be made If -the towline and inertia
forcee are Ignored. The relationship of @ to yl nay
then be expressed by the eauatlon

or

(12)

The.valua of cl as used herein has been taken from
p

reference 2 a~ -0.4; then
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Multiplying by V and Integrating both sides of this
equation with re~peot to time yields

Y’—--+B = 0.2
@

(13)

The validity of this equation was checked by means
of measurements of values of Y’/@ obtained from motlon-
picture reoorde of flight teata for varioue effeotive di-
hedral angleg and lift coefficients. The test points
shown la figure 3 are average~ of at leaet meven reading~
for eaoh condition and nre In satisfactory agreement with
calculated resulte.

Two towline derivatlvee due to position m~y now be
expreseed as a function of either @ or y’. The oalou-
latlons In this report have utilized values derived ae a
function of @.

The rolling moment resulting from glider posltton
may be

or, in

expreesed as

L =WLV

nondlmeneional form, as

c1 = -wc~p

= -f(@)02B (14)
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llkewise,

..
= -f(docyp (15)

In order to intrcduce the moments and forces arising from
glider poeiti~n into nondine-~slonal eauations of motion,
it is conve~ient to use tke relations

(15) “

(17)

It is then necessary to evalu~te
()
c t~ and

(

)cy~ .
\ a

()

Q

Inasmuch as CL is not a linear function of 0,
.C% ~

will vary with ~. In order to obtain an effective value
...
of \

()%, ~
over an:- range of valueq Of 0 frem an ini-

tial valve of o to a final value of 0, the nonlinear

varlatlou of cl with @ can be rep].aced by a linPar

variation which represent the work &one in an~ cS~leh

This linear variation, effective
(

\

c %)s ‘
is derived ae

\

‘1
@=mean Cl ~ (O-O.) (19)

I
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When ~-@o--equals Oi . ,- ..- .. . . .-

Work done In ~ oyole = m@

The linear variation of cl. with @ yielding the same
work In $ oyble ia oo~sea-uently defined aa

From equation (14)

Therefore,

(15)

(20)

where, from eouation (9),

if=
*Q Y’

1“.8 - 0.07(at - 1) J> - y~a

and, from eauation (13),

@ = 6c#
.

The integral In equation (20) may be eolveil in terme Of
@ or, by rearranging llmit~, in terms of y!; either
prooese yields Identiaal numerioal reflulte. Values Of

—\

.( c hb)n
are expressed herein an a funatlon of y’.

—
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Solution of equation (20) in terms of yf yields, when

%p is negative,

(’7
3*33%P=

qo== - ‘~(vta+2ara)-2a13 (21)
[1.!3-o.07(a’-l~ y’a~ 1

When= cl is positive, the equation is of opposite eign.
B

!I?heeffective derivative
()
~ may %0 obtained in

a
a similar manner or by the relationship

These towline derivative are of eeconii order and
are dependent upon glider position. The glider stability
must therefore be calculated for each sidewise glider po-
sition assumed.

The towline derivative
()
~

O*
has been plotted

against eidewise displacement for iartoue values Of %p

and is presented In figure 4 for 1-, 2-0 and 3-span tow-
lines.

Stability Equations

Substituting the towline derivatives In ea.uatlons (1)
and (2) and rearranging terms yielde the following equa-
tions:

ml& - ~. —

dt
- VYV - Y(yy)~ - @(Y@)= = O (23)

If the aerodynamic data in standard nondimensional

form is to be used and if the original physical signifi-
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oanoe ,o$.,~~q,egu8ti.on.s,l-s_to.he ma~~taine.ilt a consistent
nondimensional system Is desirable. The following units
for such a nondimensional system were oonsldered conven-
ient :

N
r-

Unit of length. . . , . . . . . . . . . . . . . . . . b

3 Unit of mass. . . . . . . . . . . . . . . . . . . . p6b
Unit of time. . . . . . . . . . . . . . . . . . . . b/V

If length, mass, and time are expressed in the nondi-
mensional form, the following nondimensional quantities
will result:

m“p.—
pSb

Dlvlslon of the force eauatlon (23) by ~Va and the mo-
~SVab yieldO the nondimensionalment equation (24) by z

equations

The determinant of the left side of these ecuatlons yields
the glider stability equation of the form

-.

AA 4 + 3A=+ ma+ m+ F = o (27)

where

.- A.1

.
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..w~g.j,f

The derivative
()
q enters Into the calculations

a

in suoh a WAY” as to cancel a term Involving —)

(
c I@)a “

GLIDER CHARACTERISTICS

The dimensional and mage characteristics of the
Bristol tow-target ~llder “Skeet” for which the caloula-
tlone were made are shown in the following table:

Wing area, equarefoet. . . . . . . . . . . . . . 173.0
Horizontal tall area, sa.uare feet . . . . . . . . 56.1
Vertical-tail area, equare feet... . . . . . . . . 10,6
Wi.ngspan, feet. . . . . . . . . . . . . . . . . . 34.4
Over-all length, feet . . . . . . . . . . . . . . 29.3
Dimtanoe from center of gravity to towline-

attachment points, feet . . . . . . . . . . . . 15.0
Weight, pounds. . . . . . . . . . . . . . . . . . 2976
Wing loading, poundd per square foot . . . . . . . 17.2
Radius of gyration about X-axie, feet. . . . . . . 5.3
Moment of inertia about X-axis, slug-feet? . . . . 2596

Other factors that enter into the numerioal calculat~ons
are:
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.- 4.-U.-. .. . . . . . . !..
.%-p = b-9..4Q .. .... . .

c~p = -0.40

kX
— = 0.154
b

CB = 0.0667 (at CL = ~.3)

CD = 0.1047 (at CL = 0.75)

The value —\

(
C20) Is dependent upon glid~r displacements

a
and is preeented in figure 4.

CALCULATIONS AND RESULTS

Inasmuch am the calculation of the towline derlva-

{iv&e ih~wii
(!@. and (=)sto’e funct’oneof

glider displacements, the etability vae Investigated over
a range of eidewise displacements by a step-by-etep proc-
eeu. It was firet neoengary to aseign some limiting val-
ue to the aidewiee displacement y’. The towlines limit
the eidewise travel to the length of the towllne ueed but
Inepectlon of the.model flight records Indicated that
theee maximum valuee were never obtained in flight even
with the meet violent guste or divergences. A study of
theee recorde indicated that, in almoet all Oaeeg inves-
tigated for 1-, 2-, or 3-epan towlines, the initial elde-
wlse displacements of the glfder center of gravity oaused
by guet disturbances did not exceed a value of 0.70 span.
?., ,-.1 .. ~..,,.: :... . .. . .

I -.
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Sinoe the tunnel conditions elmulate rather eevere gust
conditions In full-scale flight, thie value wae thought
to be an adequate limit defining the maximum initial dis-
placement likely to ooour following a

Stability Boundaries

The theoretical requirements for

gust disturbance.

dynamic etabllity
of an airplane ere that-the coefficient of the etabll~ty
equation and Routh’s diecriminant be positive. Hegative
valuee of the coefficient indicate divergent aperiodic
modes; whereas a negative value of Routh’ta discrimlnant
R (for positive coefflcientn) indicates an unstable per-
iodic mode.

Stability boundaries separating stable from unstable
regions may be defined by the eo-uatlona:

C, E, or B = O (aperiodic boundaries)

E.Bc~-E3.Ba~ = O (periodio boundary)

The periodic boundary R = O was obtained by first
evaluating the stability coefficients ag defined in equa-
tion (27) for the deeired glltier condition in terme of

(7
Cl@am Routh~s disoriminant wae set up and the value of

()ma calculated for R = O. T.hie value was then taken

()from the correot plot of h~ againet y’ (fig. 4)

and the value of y’ obtained. a The values of y~ at
whioh the stability ooefflcientg F and C beoame zero
were eimi.larly obtained.

The aperiodic boundary E = O is independent of the
pcsltion derivatives and wae obtained by calculating the
value of the derivative 01$ neoeneary to onuse the ooef-

flcient E to beoome zero.

The periodic boundary 1? = O and the aperiodic
boundaries C = O, E = O, and F = O are given on the
oharts of effeotive dihedral ‘eff plotted against 8ide-

wlse dieplaoement In figures 5, 6, and 7 “for two values
of ltft coefficient and for 1-, 2-, and ~-span towlines.
Stability ratinge from flight data of referenae 1 are



‘altaogtven en these figures for, diffe,rent valueq. of d~fetik
tive dihedral angle. The geometric dihedral anglp was
aonverted to effeative dihedral angle by meana of data
from unpublished full-scale-tunnel teats of the glider

u made at LMAL. The. full-scale data Indioated that the ef-
feotlve dihedral angle of the teet gilder.tiaa L.E”. lower

i than Its geometrlo dihedral angle for a lift ucleffioient
of 0;30 and 1,5° higher than itd.gaometrto dihedral angle
for a lift oseffioieat of 0.76.

Stability RoO.ts

The etabillty boundaries, although deflni-ng ‘the var-
ious stability regions, give no quantitative Indication
of the variation of stabillty within a given region.
The~e oharacterietios may be obtained by.,factoring the
etability equation for ltEI rootm A=, Aa, A=, and Ad

m and using these roots to determine the period of the lat-
eral Oseillatione and the time to damp to one-half ampli-
tude for the oscillatory and aperiodle mod~s.

The period In seconde of tho periodic modes As and

A4 waa obtained by the formula

2n 1!.P=—-
dV

where id is the imaginary portion of the complex roots

A= ,A4 =czid

The time to damp to one-half amplitude In seconds
waa calculated from the formula

log#o.6 b
t =-

1/a c F

.,.
0.’693 b ‘“a-——

.. 0 v

where o Is either the real mortion of the compler roots
for the oeoillatory modn or the real root .A= or ha

defining the aperiodic wode~.
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The reciprocal of the time to damp to one-half ampll-
tude has been used herein to express damping. This pro-
cedure waa followed beoauee It wag de~ired to express the
degree of atalllit~ an a direct rather than am an inverse
function of the ordinate: Peak positive ordinates conse-
quently indicate maximum damping and negative ordinates
indloate megatlve (unstable) damping.

.. The aperiodic mode A= represents a heavily damped

oonvergenog that ie alvaye stable and is little affected
by changes in glldar or towline configuration. An example’
of the damping charaoterietice of this mode IEIpreeented

.In.$lgure 9 for the condition with 2-span towlines to il-
lustrate its general m,ature. The mode A is the govern-

8
ing aperlodlc mode and hence determines the aperiodic
characterieticg of the gli~er.

Complete calculations of the period and damping char-
acterietios have been reads for tow with 1-, 2-, and 3-span
towlines at two values of lift coefficient and two valuea
of sidewiae displacement. Representative results are pre-
sented In figures 9 to 15. Experimental walueR of the
period of the lateral owcillatlons determined In the tests
reported In referpnce 1 and corrected to full-scale valuee
are alao given on the figurca for

DISCUSSION

Effect of Dihedral

An analysis of the stability

purposeR of comparison.

Angle

charts (figs, 5 to 7)
Indicates that dihedral angle is an important factor In
the determination of the stability of the gilder. !Che
only satisfactory stability region Is that in which the
effeative dihedral angle ranges from small to moderately
large positive values. At anglee above this region (ln-
dioated by the daahed line on charts) the glider may be
stable or unstable depending upon ita initial sldewise
displacement , and at anglee below this region unstable
oaalllatlona and divergence are encountered.

The stability charts Indicate a close degree of oor-
relatlon between the theoretical and the flight results.
The dihedral range of the varioun etability reglona indi-
cated by theory IS corroborated by the flight tests and
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““etabil.i.ty reveroal in- fllght oocure at approximately the
same eiffeotive dihedral as that Indicated by the stabil-
ity boundaries.

~ Typioal variations of the period of the neriodla

A
mode and the damping oharaoterietloe of the periodlo and
aperiodio modem are presented in ffgures 9, 10, and 11.
These figuree further ampllfy the conoluHions drawn from
the boundary charts and indicate that a high degree of
stability ie obtained at emall positive dihedral angles,
As shown by figure 9, maximum damping of the oeoillatory
mode exiete for these dihedral angles. Any Incraase or
deorease of dihedral away from these small positive val-
ues results in lighter dnmping of the oscillatory mode
and eventually results In oaolllatory instability.

Figure 10 shows that an inorea~e In the period of
the lateral oscillati~~ oooure with reduction of effeo-
tive dihedral angle, resulting in long-period oscillatlone
for small negative dihedral angles. These long-period
oscillations occur in an unstable Oscillatory ??e&iOII and,
hence , are likely to have the appearance of %ruly” diver-
gent modee that exlut at more negative dihedral angles.
These charaoterieties may account for the divergence rat-
ings given the flight test made with small negetive ef-
fective dihedral angles.

The point of peak stability noted for low positive
dihedral angles in the theoretical analyeie is In agree-
ment with the flight test data in referenoe 1, In which
the steadiest and most ~table flights oocurred at emall
positive dihedral angles. La predicted by the theoretical
analyeis, divergent co~ditione were encountered in the
flight teste for negative values of effective dihedral.
Reasonably close quantitative agreement wae obtained for
the period of the oscillatory mode as shown in figure 10,
and both investigations indicated an inoreaee In period
with decrease in effeotive dihe~ral angle.

Xffeot of Sidewise Displacement

~lgure~ 9 and 11 il~ugtrate the adverse effsct Of
sidewise displacement upon the etabillty charaoterlstlos
of the gilder. A deereaee in the damping of all etabllity
modes aocompanleR eidewine displacement. Although thle
effeot is small for emall positive dihedral angles, it
beoomes the predominant factor in the determination Of

-. . .—..—— —
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the stabillty for large p.csitive dlhedrals, and eventually
causes ooc”lllatorg instability or divergent $light. These
results explain certain phenomena previously encountered
in the flight tests reported in reference 1 for flights
with large dihedral anglee. During the tests the model
would fly qaiiie sati.sfactoril~ for some period of time Et
large dihedral angles before unstable oscillations devel-
oped.

In order to obtain more flight data on the effect of
eidewise displacement, additional flight tests have since
been made in which a model equipped with remote controle
WB3 attached to a tunnel support by means of a dyadic
towline system. This zodel, although larger and heavier
than the original test model, portrayed the same essential
variation of ~tabillty with dihedral angl~ fiflthe original
model. The model was then flown at le~el tow and aileron”
oontrol disturbances were introduced during the flight.
In these flights the model would fly satisfactorily in
the center position and would even damp out light control
distu~bances. ~Or lhrge control disturbances Involving
large si~ewlse displace~ente, howover, unstable oscllla-
tione would occur. These teste c~nfir~ed the thsoretlaal
premise that the etability of the glider at high values
of effective dihedral angle 1s largely dependent upon lnl-
tial ~idewiee dlaplaoenent. The reeults indicate that
gusty atmospheric condition~ Kay induce instability in
flights when the dihedral angle of tho glider is iarge;
whereae complete stability would exiet for smoother air-
flow conditions. The advantages of small dihedrale ~re
consequently again emphasized.

Effect of Towline Length

.
The effect of towline length Upbn the period and

damplag oharacterfstioe of th~ glider ie illustrated in
figures 12, 13, and 14. These figures indic~te that in-
creasing the length of the towlinds seriously leseened
the de~ree of damping of the oscillatory and aperiodic
modes. A reduction of Bta>ility was evidenced for all
dihedral angles for lengthened towlinee, and the peak
da~p,ing of the oeclllatory ~ode for 3-epan toyllnee wae
approximately 50 percent of that obta:ned with l-span tOw-
lines. The damping of the aperiodic mode was also eeri- “
ously lessened by increase In length o? the towllnes, “
particularly for the higher valtie of lift coefficient.
This effect probably acoounts for the discrepancy between
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the flight iesulWs and the o-alculated- results for a lift
ooeffioient of 0.75 and 3-span towllnee, (See fig. 9.)
Apparently, the damping of the aperiodic mode for these
flights was eo low,

ml even though positive, that sustained
b flights oould not be made.
H3
l.! In general, increasing the tow”line length re~ulted tn

a slight inoreaee in the period of the lateral osollla-
tions.

The flight tests of refnrenoe 1 were in good agree-
ment with the theoretical study with regard to the effeot
of towline length. The lessening of the glider stability “
and the more or less
lateral osoillatione
noted throughout the

Effeot

The theoretical
the lift coefficient

constant nature of the period of the
with increased towline length were
flight t~rntS.

of Lift Coeffiolent

investigation shoved that increasing
from 0.30 to 0.75 slightly increased

the period of the oscillatory mode and redueed the damg-
ing of both the oscillatory and aperiodio modes. This ef-
fect of increased llft coefficient upon the period of the
lateral oecillntiona IFI illustrated in figure 14 and upon
the damping characterletios 1S shown in figuree 15 and 16.

Although for l-span towllnem only moderate effects
of lift coefflcienta were evident, for longer towlines
the adverse effeots of high value~ of lift coefficient be-
came more serious. Beoause of the lower stability aeeo-
oiated with the larger value of lift ooeffiolent, It was
indioated that flights at large positive dlhedrale would
beoome unstable with sidawise displacements smaller than
those displacements induolng instability at the lower val-
ue of lift Coefficient. This trend was accentuated with
increased towline length until, with 3-span towlinee,
oomplete Inetabllity ocourred at a value of 14° effective
dihedral for all values of midewiee displacement, as ehown
In figure 7.

The flight data were in good agreement with the theo-
retical results. The. reduction in stabillty with Inareaee

of lift coefficient in the flight tests was slight for
l-mpan towllnes but became noticeable and serloue fOr
longer towlines.

~—...,m ,,,,,-,,,.. ... .—...
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Effect of Lift-Drag Ratio

.

The results of the theoretical survey as shown in
figure 17 revealed a decided advantage of low lift-drag
retioe with respect to the damping of the oscillatory
mode. These data apply only to zero sidewlse displace-
ment but similar trends occurred for other values of dis-
placement.

The results indicate that greateqt stability will be
obtained at low values of lift-drag rtitio. The de.mping
of lateral oscillations reached a maximum at a lift-drag
ratio of 4 for the glider Inveettgated. Increasing this
ratio to a higher valu% resulted in lees ntability for all
dihedral angles although as would be erpected, this effect
was least pronounced for small positive values of dihedral
angle.

The highly advantagec)ue effect of spoilers, which re-
duce lfft-drag ratio, ae reported in the flight tests of
reference 1 ~ay he se~n to conf:rm these data.

CONCLUSIONS

A theoretical study of the lateral stability of a
glider towed by twin parallel towline$ indicates the fol-
lowing conclusions:

1. A dyadic systen of Farallel towlinos that imposes
a restraint in yawing will provide satisfactory inherent
stability for a pilotless towed gltde?.

2. The lateral ~tability will be chiefly influenced
by the dihedral angle of the wing. A maximum of stability
will exist over a range of saall poeltive values Of ef- “
fec~lve dihedral, Any variation of dihedral fro~ this
range will lead to progressively lees stability and will
eventually result In unstable oscillations or dlvergencee.

3. Gusty atmospheric condition~, which result in
large sidewise displacements of the glider relative to
the tug, will reduce the stability inherent in the tow
eystem. This effect will be greate~t for large positive
valuee of affective dihedral.

.
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4. Long towlinee will deorease the lateral stability
of.thq ,gllder although stable ~atisfaotory flight will
still be obtainable for towlines up to three apafis.

5. Increasing the lift coefficient of the glider
will reduae the laterel stability for all oonditione.
This effeot will. be slight for short towlinee but will
inorease in magnitude with long towlinee.

6. Low lift-drag ratioe will inoreaee the lateral
stability of the glider.

Langley Memorial Aeronautical Laboratory,
Mational Ai!.vieory Conmittee for Aeronautics,

Langley Field., 7a.

1. Pitkin, Marvin, and MoXflnney, Karion O., Jr.: Flight
Te~tp of a Glider Hoclel Towed by %in Parallel
Towlines. lUACA R3 Yo. 3D30, April 1943.

2. Zimmerman, Charles H.: An .4nalysis of Lateral Stabil-
ity in Power-Off Flight with Chart9 for Use in
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